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Every organism begins as a single cell. Yet, in multicellular 
organisms, the progeny of that cell form a dazzling assort- 
ment of cell types. Generation of this diversity relies on 
asymmetric divisions. In contrast with symmetric divisions, 
which faithfully duplicate the characteristics of the parent 
cell, asymmetric divisions create two daughters that have 
different fates or identities. Asymmetry may be achieved 
through extrinsic influences, when two daughters that 
were identical after mitosis are exposed to distinct environ- 
mental cues that direct divergent fates, or asymmetry may 
be created intrinsically in the dividing cell through the dif- 
ferential segregation of critical fate-determining factors 
(Horvitz and Herskowitz, 1992). In both cases, generation 
of asymmetric daughter cell fates depends on the exis- 
tence of some initial polarity, either in the environment or 
within the cell, and on the conferral of this polarity to the 
daughter cells. This discussion will focus on intrinsically 
asymmetric divisions. 
To transduce an intrinsic cell polarity into asymmetric 
daughter cell fates, a cell must coordinate this polarity with 
the orientation of the division. For example, in a division 
containing an asymmetrically localized determinant, the 
division plane must segregate the determinant preferen- 
tially to one daughter cell. In principle, this coordination 
could occur in one of three ways: the localization of the 
determinant could control the orientation of division, the 
orientation of the mitotic spindle could control the determi- 
nant’s position, or both processes could respond to an 
established polarity in the cell. 
A report in this issue of Cell illustrates how the orienta- 
tion of the mitotic spindle might be exploited to produce 
either an asymmetric or symmetric outcome during cell 
division (Chenn and McConnell, 1995). The neurons and 
glia that populate the cerebral cortex in mammalian brains 
originate from a layer of columnar epithelial progenitor 
cells in the ventricular zone, adjacent to the lumen of the 
ventricles. Previous reports on the proliferation and differ- 
entiation of these cells have been constrained by the limi- 
tations of observing this population at discrete timepoints. 
By using a technique that enables cells to continue devel- 
oping in cortical slices, Chenn and McConnell followed 
the behavior of the progeny of specific progenitor divisions. 
They conclude that progenitor cells can undergo symmet- 
ric or asymmetric divisions and that the decision to divide 
asymmetrically appears to correspond to the plane of cell 
division. That is, in symmetric divisions (producing two 
new progenitor cells), the division axis is oriented parallel 
to the lumenal surface, while in asymmetric divisions (pro- 
ducing one progenitor and one neuron), it is perpendicular 
to this surface (note that, in contrast with Chenn and 
McConnell, we refer to the orientation of the spindle rather 
than to the orientation of the cleavage plane). The asym- 
metric divisions are suggested to result from an estab- 
lished intrinsic polarity of the progenitor, a polarity that 
is demonstrated by segregation, upon division, of Notch 
protein to the future neuronal cell. This example reveals 
the cells option to divide in an orientation that preserves 
existing asymmetry or that disregards such asymmetry. 
How might these alternative spindle orientations be regu- 
lated? To consider the elements that may be involved, it 
is useful to examine how different systems interpret initial 
polarities and coordinate their spindles. 
Initial Polarities and Orientation of Cell Division 
A number of micromanipulation experiments have shown 
that the position and orientation of the cleavage furrow, 
which eventually separates the cell into two daughter cells, 
are determined by the location of the mitotic spindle (re- 
viewed by Strome, 1993). What cues direct the orientation 
of a mitotic spindle? Experiments in Saccharomyces cere- 
visiae and Caenorhabditis ‘elegans present interesting 
comparisons in mechanisms of polarity establishment and 
spindle positioning. 
S. cerevisiae is an instructive example of a system in 
which the spindle orientation is dependent on the site of 
the previous division. Cell division in S. cerevisiae occurs 
by formation of a daughter bud from the mother cell. Hap- 
loid cells form buds in an axial pattern (adjacent to the 
previous bud), while diploid cells bud in a bipolar fashion 
(adjacent to the previous bud or at the opposite pole) 
(Chant and Pringle, 1995). Subsequent to the selection of 
the new bud site, the spindle pole bodies (yeast equiva- 
lents of centrosomes) become oriented such that one of 
them points into the newly forming bud (Figure 1). Through 
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Figure 1. Orientation of the Mitotic Spindle in S. cerevisiae 
Cell division leaves behind a mark (red) at the division site (a and b). 
The new bud forms at a position next to this mark upon duplication 
of the spindle pole body (blue). The mitotic spindle is oriented as micro- 
tubules extending from one of the spindle pole bodies pull this pole 
toward the bud site (c). 
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the use of conditional tubulin and actin alleles, it has been 
determined that both microtubules and microfilaments are 
required for this process (Palmer et al., 1992). Microtu- 
bules extend from one of the two spindle pole bodies to 
a position in the bud. It is thought that these microtubules 
drag the spindle pole body toward the bud site (Snyder 
et al., 1991). Thus, spindle orientation depends on bud 
site selection. 
Selection of the bud site can be viewed as occurring in 
two steps: first, the position of the next bud site is marked; 
second, the mark is interpreted to direct polar bud growth. 
While axial and bipolar budding use the same machinery 
to carry out the second step, marking of the future bud 
site is distinct for each budding pattern. We will focus on 
recent experiments that illuminate the differences be- 
tween axial and bipolar budding in the first step and will 
consider this as a model for how a cell may alter its spindle 
location. Interestingly, genes involved in the second step 
encode proteins that constitute a GTPase cycle. A review 
of this cycle and its possible role in recruiting the bud 
growth machinery can be found elsewhere (Chant, 1994). 
Division leaves behind a bud scar on the mother cell 
and a birth scar on the daughter, both of which can be 
visualized by electron microscopy or various staining 
methods. While division scars themselves are not believed 
to be mechanistically involved in directing the next bud, 
they reflect the site of intracellular marks that are used as 
a reference for the position of the next bud. For axial bud 
site selection, one protein that appears to act as a molecu- 
lar guide at the division site is Cdcl2p, a protein that per- 
sists at the bud scar after division. Cdcl2p is necessary 
for localization of Bud3p, which, in addition to Bud4p, has 
been shown genetically to be required for axial budding 
and dispensable for bipolar budding. Bud3p is localized 
to the mother bud neck and subsequent cell surface site 
and remains associated with this site through only one 
cell cycle (Chant et al., 1995). In light of the recent observa- 
tion that new axial buds are placed adjacent to the immedi- 
ately previous bud (Chant and Pringle, 1995), the transient 
localization of Bud3p suggests that this is the axial signal 
that marks the immediately previous bud (Chant et al., 
1995). The analogous signal for bipolar budding has not 
been identified, partly owing to the difficulty in isolating 
mutants that have a diploid-specific phenotype. Detailed 
characterization of the bipolar budding pattern indicates 
that it, too, is governed by the site of previous buds. How- 
ever, in contrast with the axial signal, the bipolar signal 
appears to persist through multiple cell cycles, so old bud 
sites may also influence the position of a new bud (Chant 
et al., 1995). Thus, bud site selections for axial and bipolar 
budding represent two distinct polarity signals, either of 
which can be interpreted by the downstream bud selection 
machinery. How the cell decides which signal to respond 
to remains to be determined. 
Another example of how initial polarity may be coordi- 
nated with the division axis is provided by C. elegans. The 
first division of the C. elegans zygote is along the anterior- 
posterior axis and is asymmetric. It produces an anterior 
cell, AB, and a posterior cell, Pl, that differ in size and 
developmental fate. AB and Pl divide in different orienta- 
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Figure 2. Orientation of the Mitotic Spindle in C. elegans 
Inherited centrosomes (blue) in both cells are duplicated and migrate 
to opposite poles of the nucleus (a). This centrosome position is main- 
tained in the AB cell, but the centrosomes in the Pi cell are rotated 
(b) by microtubules interacting with a specialized cortical site (red). 
Positioning of centrosomes causes AB and Pl to divide in different 
orientations(c). (Note that AB and PI actually divide at different times.) 
tions. Thus, an examination of how the Pl division differs 
from the AB division may help us to understand how cleav- 
age plane orientation may be regulated. Following division 
of the zygote, the inherited centrosome in each cell is 
duplicated. The centrosomes migrate in opposite direc- 
tions along the nuclear membrane until they reach oppo- 
site poles of the nucleus. Such a migration results in a 
mitotic spindle that is oriented orthogonally to the axis of 
the first cell division. While this orientation is maintained 
in the AB cell, the Pl cell rotates its centrosomes another 
90° to divide along the same axis as the previous division 
(Figure 2). When embryos are treated with actin microfila- 
ment inhibitors or microtubule inhibitors or when microtu- 
bules between the migrating centrosome and the anterior 
cortex are irradiated with a laser microbeam, rotation of 
the Pl centrosomes is inhibited (Hyman and White, 1987; 
Hyman, 1989). Thus, this rotation is thought tooccurthrough 
microtubules that connect one of the two centrosomes to 
a specialized cortical site at the anterior pole of the Pl 
cell, pulling the centrosome and the spindle toward this 
site. Actin and the actin barbed-end binding protein, known 
as capping protein, transiently localize to this site prior to 
spindle rotation (Waddle et al., 1994). In par-3 mutants, 
in which both AB and Pl cells divide along the anterior- 
posterior axis, an ectopic actin-capping protein complex 
forms at the posterior border of the AB cell, supporting a 
requirement for this structure in spindle rotation (Waddle 
et al., 1994). Given that the previous division sites in yeast 
serve as the point of reference to determine the orientation 
of the mitotic spindle, it is provocative that a structure that 
apparently marks division sites in C. elegans has recently 
been detected under certain fixation conditions with the 
filamentous actin-specific dye rhodamine-phalloidin (Wad- 
dle et al., 1994). This stable structure may contain cues 
that enable the Pl cell to assemble the actin-capping pro- 
tein complex, thereby establishing the axis of division. 
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The par-2andpar-3 mutant phenotypes help us to under- 
stand how spindle rotation may be controlled differently 
in AB and Pl . While both the AB and PI spindles rotate 
in par-3 mutants, neither spindle rotates in par-2 mutants. 
In the double par-2 par-3 mutant, the par-3 phenotype is 
epistatic: both cells rotate their spindles and divide along 
the anterior-posterior axis (Cheng et al., 1995). This dou- 
ble mutant phenotype suggests that both cells have the 
capacity to rotate their spindle and that par-3 inhibits this 
rotation in the AB cell. Perhaps par-3 activity inhibits rota- 
tion in the AB cell by preventing the formation of the actin- 
capping protein structure. This model is supported by the 
observation that an ectopic actin-capping protein struc- 
ture forms in the AB cell of par-3 mutants. Because both 
par-2 and par-3 have pleiotropic phenotypes and the tem- 
perature-sensitive period of par-2 ends before the 2-cell 
stage (Cheng et al., 1995), it is likely that the effects of 
par-2 and par-3 on spindle rotation are indirect. 
Polarity and Division at the Ventricular Zone 
S. cerevisiae and C. elegans provide two ways in which 
spindle orientation may be regulated: in yeast, one of two 
different polarity signals is recognized, depending on 
whether the cell is haploid or diploid; in the nematode, a 
single type of polarity signal either functions or does not 
function in a cell to direct spindle rotation. How can spindle 
orientation be coordinated in ferret cortical progenitor 
cells? At this point, little is known about extant polarity 
signals in these cells. Based on the examples in yeast 
and nematodes, we envision two prospective models for 
orientation of cleavage planes in ferrets (Figure 3). In the 
first model, the progenitor cell contains two independent 
polarity signals, at position X and position Y in Figure 3a. 
During a symmetric division, only position Y is recognized 
by a centrosome, and the spindle orients parallel to the 
apical surface. When a cell is specified to divide asymmet- 
rically, it fails to recognize Y and instead interprets position 
X, giving rise to a spindle that is perpendicular to the apical 
surface. In the second model (Figure 3b), only one polarity 
signal, Y, exists and directs all spindles to orient parallel 
to the epithelium. When an asymmetric division is desired, 
this signal or its recognition machinery can be incapaci- 
tated. Without this signal, divisions occur in random orien- 
tation, and a subset of these divide perpendicular to the 
apical surface. This model is consistent with the observa- 
tionsof Chenn and McConnell (1995) of spindles in a range 
of orientations. The existence of these marks is purely 
speculative, but existing asymmetries within progenitor 
cells make the prospect of such marks feasible: a signal 
at position X could be demarcated by the apical/basal po- 
larity of these columnar epithelial cells, and a mark at posi- 
tion Y could respond to a division site remaining after a 
symmetric division. 
Localized Factors in Neurogenesis 
A striking feature of the cortical progenitor cell divisions 
is the localization pattern of Notch protein (Chenn and 
McConnell, 1995). Notch is detected in the basolateral 
membranes during interphase and is concentrated to the 
basal membrane by metaphase (Chenn and McConnell, 
1995). Localization to this domain is observed irrespective 
of the orientation of the progenitor cell division. Thus, 
symmetric asymmetric 
symmetric non-symmetric 
Figure 3. Two Models for the Orientation of Cleavage Planes in the 
Ventricular Zone of the Cortex 
(a) Model 1. Two independent polarity signals (X and Y) exist. Recogni- 
tion of position Y leads to symmetric division, recognition of position 
X to asymmetric division. 
(b) Model 2. One polarity signal (Y) can either be recognized, leading 
to symmetric division, or be ignored, leading in some cases to asym- 
metric division. 
Notch segregates exclusively to the basal daughter cell in 
an asymmetric division but is partitioned to both daughter 
cells in asymmetric division. Chenn and McConnell specu- 
late that the differential inheritance of Notch might be es- 
sential for asymmetric ceil fates. Notch in itself is not suffi- 
cient to induce neural fate, since it is distributed to both 
daughters during symmetric divisions. It is possible that 
Notch is necessary for proper differentiation of the neu- 
ronal cell. Such a role could be illuminating, since evi- 
dence to date from experiments in other vertebrate and 
invertebrate systems indicates that neurogenesis is inhib- 
ited in cells in which Notch is active (Artavanis-Tsakonas 
et al., 1995). Although the localization of Notch in cortical 
progenitor cells is notable, it remains to be demonstrated 
that Notch localization plays a functional role in establish- 
ing asymmetric cell fate. In the absence of such a demon- 
stration, it remains possible that Notch marks the basal 
membrane but is not active in determining cell fate. If this 
is so, other aspects of the apical/basal polarity could ac- 
count for the asymmetric cell fates. 
During Drosophila neurogenesis, an asymmetrically 
segregated protein has been demonstrated to be required 
for asymmetric cell fates. The numb protein localizes in 
a crescent pattern to the membrane region of two types 
of neural precursor cells: the neuroblast and the sensory 
organ precursor cell. In both cell types, the protein segre- 
gates specifically to only one daughter cell (Rhyu et al., 
1994). In the sensory organ precursor cell division, which 
normally produces an A cell and a B cell, numb expression 
in adaughtercell is both necessary and sufficientto induce 
B cell fate. 
A similar asymmetric localization pattern has been ob- 
served for the Drosophila protein prosper0 (Spana and 
Doe, 1995; Knoblich et al., 1995). In neuroblast divisions, 
which form another neuroblast and a smaller ganglion 
mother cell, prosper0 segregates to the ganglion mother 
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cell and is required for its proper differentiation (Doe et 
al., 1991; Vaessin et al., 1991). The coincident pattern of 
numb and prosper0 localization suggests that they utilize 
the same localization information and machinery (Spana 
and Doe, 1995; Knoblich et al., 1995). 
Unlike Notch localization in cortical progenitor cells, 
numb and prosper0 localization appear to be tightly corre- 
lated with the division plane. Although neuroblasts and 
sensory organ precursor cells divide in different orienta- 
tions with respect to the epidermis, numb and prosper0 
crescents are never bisected by the cleavage plane (Rhyu 
et al., 1994; Spana and Doe, 1995; Knoblich et al., 1995). 
Moreover, both proteins consistently localize to the mem- 
brane area overlying one of the two centrosomes during 
mitosis (Spana and Doe, 1995; Knoblich et al., 1995). In 
mutants where a defect in cytokinesis leads to the forma- 
tion of neuroblast cells containing four centrosomes, both 
numb and prosper0 can localize to two crescents that over- 
lie two ajacent centrosomes (Knoblich et al., 1995). Thus, 
in contrast with Notch, localization of numb and prosper0 
appears to be tightly coordinated with centrosome posi- 
tioning and, consequently, spindle orientation. However, 
because crescent formation and centrosome positioning 
are not dependent on each other (Knoblich et al., 1995) 
these events appear to occur by independent mechanisms 
that read the same cellular polarity signal. 
Conclusions 
Ferret cortical progenitor cells can divide in a plane that 
converts intracellular polarity into two intrinsically different 
cells or in a plane that generates equivalent cells (Chenn 
and McConnell, 1995). A similar correlation between divi- 
sion plane and subsequent cell fates has been described 
for divisions of a grasshopper neuroblast (Condron and 
Zinn, 1994). However, the observation of Chenn and 
McConnell (1995) uniquely demonstrates that a cell may 
exploit or ignore its intracellular asymmetry in choosing 
a division axis. Furthermore, the suggestion that Notch 
may be involved in creating asymmetric daughter cells 
differs from previous demonstrations that show that the 
division plane consistently distributes the determinant to 
one daughter cell (Rhyu et al., 1994; Guo and Kemphues, 
1995; Spana and Doe, 1995; Knoblich et al., 1995). 
How does a cell opt to alternate its spindle orientation? 
For cortical progenitor cells, orientation is clearly not ran- 
dom, as demonstrated by the changing rates of asymmet- 
ric divisions over time (Chenn and McConnell, 1995). Both 
models we propose postulate a mechanism whereby one 
type of spindle-orienting cue is disregarded when a cell 
decides to divide asymmetrically; that is, a putative “asym- 
metry signal” alters the spindle-orienting process that 
leads to symmetric divisions. The origin of the putative 
asymmetry signal is completely unknown, but the correla- 
tion of this division pattern with early neuron proliferation 
suggests that neural determination of precursors could 
provide such a cue. It remains to be determined how a 
command to reorient the spindle could be issued and exe- 
cuted. 
Finally, the Chenn and McConnell article raises some 
interesting and perplexing issues. Notch has been ob- 
served to have antineurogenic activity. What could its role 
be in the future neuron? Are individual neuron identities 
related to spindle rotation? Considering the observation 
that progenitors are depleted later in development (Cavi- 
ness, 1995), what mechanisms govern later divisions that 
give rise to two neurons? The observations of cerebral 
cortical neuron precursors have stimulated a variety of 
questions that will foster a greater understanding of asym- 
metric divisions as well as development at the mammalian 
ventricular zone. 
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